An improved recovery method and testing strategy were devised for recovery of low numbers of enteric viruses from each of three commercially important shellfish species. Effective recovery of virus depended as much upon details of the test strategy adopted for use of the improved method with each species as on the method itself. The most important test details involved sample composition, pool size, and method of use of cell cultures. Recovery sensitivity measured permitted detection of 25 to 3 plaque-forming units of enteroviruses and 100 to 27 plaque-forming units of reovirus through their recovery in cell culture, with effectivenesses averaging 64 and 46%, respectively. Test samples prepared by the improved recovery method were virtually cytotoxicity free. Optimal recovery of virus on 45-cm2 cell culture monolayers was obtained with 1-ml inocula adsorbed for 2 h. The most effective recovery of virus from shellfish samples was made by a sequential adsorption procedure which allowed equal exposure of an entire sample to each of two or more cell cultures. Removal of nonviral contaminants from test samples by antibiotic treatment was preferable to the use of ether or membrane filtration procedures.
Surveillance ofthe sanitary quality of shellfish and shellfish-growing waters has been carried out since 1925 in the United States, when a certification program administered by the U.S. Public Health Service was instituted (1) . This monitoring program, which developed into the National Shellfish Sanitation Program (NSSP), was instituted after a typhoid epidemic resulting in 1,500 cases with 150 deaths was attributed to sewage-polluted oysters (13) . This epidemic, coming after pmany previously reported outbreaks of enteric disease attributed to shellfish, helped to focus critical attention upon the health hazards associated with the consumption of polluted shellfish. Since then a number of shellfishassociated outbreaks of infectious hepatitis and viral gastroenteritis have been reported. These reports have been reviewed and summarized recently by Gerba and Goyal (5) . All of the commercially important shellfish, oysters, hardand soft-shell clams, and mussels, have been incriminated as vehicles for the transmission of enteric virus diseases to humans.
The NSSP recommends the use of both total coliform and fecal coliform standards for monitoring the microbial quality of shellfish and shellfish-growing waters (21) . The relationship of these bacterial standards to the presence of enteric viruses in shellfish is not clear (4, 6, 15, 18) . The adequacy of these standards for assessing the safety of shellfish from virus contamination has been challenged, most notably after outbreaks of infectious hepatitis from oysters harvested from NSSP-approved growing areas (16) .
Suitable virus monitoring strategies and methods are needed which will make it possible to accurately compare enteric virus and fecal coliformn contents of shellfish and to determine when a virus carriage state exists and its significance to the process of transmission of virus pathogens to humans.
Monitoring strategies, to be effective, require decisions for each ofthe commercially important species to determine how many shellfish are needed for a representative sample, whether samples should include the entire shellfish or only selected tissues, what method(s) possesses maximum sensitivity and accuracy for the recovery of small numbers of natural virus, and how many shellfish per pool can be tested without loss of a recovery method's sensitivity and accuracy. Factors important to the effectiveness of a recovery method include not only the cell culture(s) used but also how it is used, test sample adsorption procedures, and whether a test sample is cytotoxic for the cell culture(s).
No serious attempt has been made to develop a single comprehensive monitoring strategy for all commercially important shellfish species in which development and use of a virus recovery method has been coordinated with the other parameters influencing monitoring effectiveness on a species-to-species basis. An improved re-covery method developed with oysters has not been critically assessed in soft-and hard-shell clams or mussels (19) . Coordination and combinations of cell cultures recommended for wastewater and fecal samples and inclusion of procedures to measure cytopathic effect (CPE) along with plaque-forming unit (PFU) formation have not been adequately investigated with shellfish samples (17) . This study describes the development of a virus monitoring strategy for recovery of enteric viruses from each of three commercially important shellfish species. The monitoring strategy described includes the development of a single recovery method equally effective with oysters and hard-and soft-shell clams and identification of the test strategy needed for effective use of the improved method for recovery of low numbers of enteric viruses from each of these species.
MATERIALS AND METHODS
Cell cultures. A Buffalo Green monkey kidney continuous cell line (BGM) obtained in passage 104 from Gerald Berg, Environmental Protection Agency, Cincinnati, Ohio, was used for virus propagation and assay. Cells were grown in a medium consisting of equal parts of Eagle minimum essential medium (MEM) with Hanks balanced salt solution and modified L-15 medium (MEM-L15), supplemented with 1% nonessential amino acids and 10% heat-inactivated fetal calf serum (FCS) and buffered with 0.4% HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) buffer. Antibiotics were added to give final concentrations (per milliliter) of: 100 U of penicillin G, 100 yg of streptomycin sulfate, and 2 ug of amphotericin B (Fungizone). Cultures were maintained in MEM-L15 medium containing 2% heat-inactivated FCS.
Primary African Green monkey kidney cultures (PMK) were used in studies of methods of use of cell cultures promoting the most effective virus recovery from shellfish samples. Cultures were prepared from suspensions purchased from Microbiological Associates, Walkersville, Md. Melnick A medium with 10% FCS was used for growth, and Melnick B medium with 2% FCS was used for maintenance of cultures. Antibiotics as described for BGM cultures were used with PMK cultures. at 12,000 x g for 15 min at 5°C, passed through serumtreated membrane filter assemblies to monodisperse virus (22) , and frozen and stored at -76°C. Virus titers of 107 to 108 log1o PFU/ml were obtained routinely.
Virus assays performed in duplicate were made by plaque counts (PFU) on either 9-or 45-cm2 monolayers in drained 1-ounce (30-ml) or 6-ounce (180-mi) bottles, respectively. Inoculum volumes were 0.1 ml for 9-cm2 monolayers and 1 ml for 45-cm2 monolayers. Adsorption was carried out at 37°C for 1.5 h with 9-cm2 monolayers (1-ounce bottles) and 2 h with 45-cm' monolayers (6-ounce bottles). Assays for poliovirus, coxsackievirus, and echovirus were made with an agar overlay medium containing (per 100 ml): 100 U of penicillin; 100 iLg of streptomycin; 1.5% agar (Difco Laboratories, Detroit, Mich.); 40 ml of 2x MEM; 1 ml each of 100x L-glutamine and 100x nonessential amino acids, 1% MgCl2, and undilute sterile liquid milk (Real Fresh Inc., Visalia, Calif.); 2 ml of heat-inactivated FCS; 3 ml of 7.5% NaHCO3; and 0.6 ml of 1-300 neutral red (2) . Reovirus assay overlays substituted pancreatin (Oxoid Ltd., London, England) in a final concentration of 1/70 for MgCl2. Five-milliliter overlay volumes were used with 1-ounce bottles, and 20-ml volumes were used with 6-ounce bottles. After solidification of the agar, assay bottles were inverted, covered with aluminum foil, and incubated in the dark at 370C.
Shellfish and shellfish preparations. Oysters (Crassostrea virginica), hard-shell clams (Mercenaria mercenaria), and soft-shell clams (Mya arenaria) were used. Both hard-and soft-shell clams were obtained as shell stock from approved commercial sources. The soft-shell clams had been depurated at the time of purchase. Oysters (from New Hampshire estuary waters) and hard-shell clams were retained in running clean seawater tanks for 1 to 1.5 months before use.
The procedure for induction of virus carriage status in the shellfish depended upon the purpose to Table 2 . Virtually all virus was recovered after 10 min of sonication of phosphate-buffered-saline-prepared and beefextract-fortified (3% beef extract) homogenate adjusted to pH 8 or 9. Virus survival was not influenced by a 15-min sonication time at pH 9 to 9.5. Good results were obtained also with a diluent of equal volumes of 3% beef extract and phosphate-buffered saline.
The ability of the new procedure featuring the use of sonication to release and separate virus from beef extract-fortified homogenates at pH 9 was tested with oysters and hard-and soft-shell clams. Parallel tests in the same species were made with the same procedures minus sonication. Results of these tests are given in Table 3 .
The new procedure with sonication improved release of virus 23% in oysters, 72% in soft-shell Diethyl, anesthetic-grade ether (final concentration, 25%) was mixed with a test sample, allowed to remain in contact for 10 to 16 h at 50C, and then removed through centrifugation followed by evaporation at 260C.
Antibiotics were added to give the following final concentrations (per ml): 200 U of penicillin, 200 ,ug of streptomycin, 50 ,ug of gentamicin, and 2.5 ,ug of Fungizone. A 2-h interaction at 260C
was allowed for inactivation of contaminants. Twenty-milliliter test samples prepared from each of the three shellfish species and containing known numbers of test enteroviruses were treated by each procedure. The results of several trials are given in Table 6 .
The most effective procedure for eliminating nonviral contaminants (bacteria, yeasts, fungi, protozoa) was membrane filtration, but virus losses averaging greater than 30% occurred. Ether treatment of test samples occasionally failed to remove contaminants, but the average virus loss dropped to about 12%. In the four trials shown, antibiotic treatments were as effective as ether in the elimination of contaminants and resulted in the lowest loss of virus. The greater loss of virus in the ether and membrane filter methods, which ranged from two-to fivefold, plus the chance for loss of ether-susceptible viruses, was considered sufficient justification for selection of antibiotic treatment as the preferred procedure.
(v) Outline of improved virus recovery method. The improved method developed is outlined in Fig. 1 . It consists of five steps for Table 10 .
The greatest numbers of virus were recovered after 5-h adsorption intervals, but increases over numbers recovered at 2 h were miniimal. In view of the miniimal increase in numbers recovered after 2 h, an adsorption interval of 2 h was considered adequate for effective recovery of virus. With one exception, recovery effectiveness declined sharply when inoculum volume ex- -19  3  74  39  49  51  5  41  --Td  2  1  24  17  22  23  1  13  8  11  12  3  24  11   9  11  3  13  3  5  6  5  24  6  8  7  5  13  4  3  5  3  1  96  77  81  89  1  28  19  25  24  2  96  60  66  70  2  28   11  23  29  3  96  46  49  53  3  28  13  9  15  5  96  33  29  28  5  28  15  11  13 ' Test virus was added to final samples prepared from non-virus-carrying shellfish. Coxsackievirus B3 was added to oyster samples, and echovirus 7 was added to soft-shell clam samples. Final sample volumes of 30 ml were prepared in all trials. Virus assays were made in 6-ounce bottles containing 45-cm2 BGM monolayers.
b Total PFU per sample volume. c Total PFU recovered per sample volume. ceeded 1 ml, and even adsorption periods up to 5 h failed to increase the numbers of virus recovered. Recovery results were essentially the same for oysters and clams. One 5-ml soft-shell clam inoculum was cytotoxic after a 5-h adsorption interval.
(iv) Method of exposure of ceil cultures to sample inocula. The common practice of splitting samples between two or more different cell culture systems was compared with a strategy that called for sequential addition of inocula representing an entire sample to two or more cell culture systems. The strategy called for collection and pooling of inocula from the first cell culture system after adsorption, followed by redistribution of pooled inocula onto the second cell culture system and observance of a second adsorption interval. The inocula could be recovered from the second cell culture system and adsorbed to a third culture system if desired. The results of a study comparing the two ways of exposing cell cultures to shellfish samples are given in Table 11 .
Sequential adsorption of sample inocula to cell cultures was a more effective procedure for recovery of virus in each trial. Taken as a whole, the five trials resulted in a recovery effectiveness of 88% (117/133), compared with 54% (72/133) for the split sample method. binding affinity in existence. Study data on release of virus from three different species supported this viewpoint. Separation of released virus followed by its recovery from tissue-free supematant through organic flocculation resulted in virus suspensions considerably less turbid than those prepared by the oyster-developed method. Effective recovery of virus required the use of large suspension volumes during sample preparation. Organic flocculation not only made it possible to selectively recover separated virus from large volumes of aqueous suspension, but it also provided an efficient way for reconcentrating recovered virus through resuspension of precipitated virus in small volumes of fluid.
Organic flocculation in combination with the use of the polyelectrolyte Cat-Floc was considered responsible for the virtually noncytotoxic samples prepared by the improved method. CatFloc has been used previously for clarification of shellfish homogenates and as an aid in the separation of enteric viruses (11) . The degree of sample clarification obtained was considered an important factor in the virtual elimination of cytotoxicity from samples of each of the three shellfish species studied. This opinion was in agreement with a previous observation that reduction or elimination of the cytotoxicity of CatFloc-clarified food samples was dependent upon the degree of clarification achieved (8 Sample inoculum volumes added to cell culture monolayers and adsorption times allowed became increasingly critical to recovery effectiveness as test virus numbers to be recovered were lowered. Little attention has been directed to the importance of these procedural details to recovery effectiveness in virus examinations in shellfish. Addition of 0.1-to 0.2-ml inocula to a 10-cm2 or greater monolayer surface area followed by a 1-to 1.5-h adsorption period has been a widely accepted practice for plaque-based assays (9) . Inoculum volumes varying between 0.1 to 0.2 ml per 10 cm2 and as much as 5 ml per 50 to 75 cm2, followed by a 1-to 2-h adsorption period, have been used for recovery of natural viruses. Recovery effectiveness in the study depended primarily upon inoculum volume. Optimum recovery with 45-cm2 monolayers called for an inoculum volume no greater than 1 ml and an adsorption time of 2 h. Increasing the adsorption time to 5 h led to only minimal increases in virus numbers recovered. Increasing adsorption times could not be used to offset a loss of recovery effectiveness resulting from the use of larger inoculum volumes.
Exposure of an entire sample to each of two or more cell culture systems by means of a sequential adsorption technique allowed each culture to "see" an entire test sample and resulted in an increased recovery effectiveness. Study data showed the dangers inherent in splitting samples between two or more cell cultures where one was more susceptible than another and where unequal distribution of virus between the two split portions occurred. This was shown to be especially critical when a test sample contained low numbers of virus. Unlike the split sample procedure, the outcome of sequential adsorption would not be influenced by which of two or more cultures was more sensitive, because all cultures would have equal opportunity to "see"p an entire sample. Study results indicate that further trial and assessment of the merits of sequential adsorption and split sample methods for recovery of virus should be made in field trials where natural virus recoveries from shellfish collected from feces-polluted growing waters are sought.
Comparison of PFU versus CPE techniques for recovery of virus was not made, because experiments were not designed to provide equal opportunities for plaque formation and development of cytopathology. Unlike other studies, in which provision of equal opportunity resulted in recovery of both plaque-forming and nonplaque-forming natural viruses (7), development of CPE on HEp-2 cultures did not reflect nonplaque-forming virus. It showed only that some virus either escaped adsorption or was reversibly adsorbed to the cultures used for recovery of plaque-forming virus.
The Hep-2 results did show that a third culture could be used either for recovery of nonplaque-forming virus, for recovery of a broader spectrum of viruses, or as a backup culture to recover viruses reversibly adsorbed to cultures used for recovery of plaque-forming virus.
The monitoring strategy developed in the study is being tried with mussels (Mytilus edulis). Early results indicate that enteroviruses can be recovered as effectively from this species as from the three species used in the study.
